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abstract
 
A transferred-DNA insertion mutant of 
 
Arabidopsis
 
 that lacks AKT1 inward-rectifying K
 
1
 
 channel activity
in root cells was obtained previously by a reverse-genetic strategy, enabling a dissection of the K
 
1
 
-uptake apparatus of
the root into AKT1 and non-AKT1 components. Membrane potential measurements in root cells demonstrated that
the AKT1 component of the wild-type K
 
1
 
 permeability was between 55 and 63% when external [K
 
1
 
] was between
10 and 1,000 
 
m
 
M, and NH
 
4
 
1
 
 was absent. NH
 
4
 
1
 
 speciﬁcally inhibited the non-AKT1 component, apparently by
competing for K
 
1
 
 binding sites on the transporter(s). This inhibition by NH
 
4
 
1
 
 had signiﬁcant consequences for
 
akt1
 
 plants: K
 
1
 
 permeability, 
 
86
 
Rb
 
1
 
 ﬂuxes into roots, seed germination, and seedling growth rate of the mutant
were each similarly inhibited by NH
 
4
 
1
 
. Wild-type plants were much more resistant to NH
 
4
 
1
 
. Thus, AKT1 channels
conduct the K
 
1
 
 inﬂux necessary for the growth of 
 
Arabidopsis
 
 embryos and seedlings in conditions that block the
non-AKT1 mechanism. In contrast to the effects of NH
 
4
 
1
 
, Na
 
1
 
 and H
 
1
 
 signiﬁcantly stimulated the non-AKT1 por-
tion of the K
 
1
 
 permeability. Stimulation of 
 
akt1
 
 growth rate by Na
 
1
 
, a predicted consequence of the previous re-
 
sult, was observed when external [K
 
1
 
] was 10 
 
m
 
M. Collectively, these results indicate that the AKT1 channel is an im-
portant component of the K
 
1
 
 uptake apparatus supporting growth, even in the “high-afﬁnity” range of K
 
1
 
 concen-
trations. In the absence of AKT1 channel activity, an NH
 
4
 
1
 
-sensitive, Na
 
1
 
/H
 
1
 
-stimulated mechanism can sufﬁce.
 
key words:
 
Arabidopsis •
 
 plant nutrition • root • transferred-DNA insertion mutant
 
introduction
 
It has been known since the work of Knop and Sachs
over 130 yr ago that plants cannot grow in the absence of
potassium (Pfeffer, 1900). It is their most abundant in-
organic constituent, contributing importantly to the os-
motic potential and electrolytic character of cytoplasm.
The plasma membrane is typically more permeable to
K
 
1
 
 than to other ions, so the difference in its concen-
tration across the membrane has a large inﬂuence on
the membrane potential and, hence, cell physiology.
Another reason for its essentiality is that some enzymes
require K
 
1
 
 as a cofactor.
The mechanism by which cells concentrate K
 
1
 
 from
dilute extracellular sources such as soil has received
considerable attention because plant growth depends
directly on it. Early kinetic studies by Epstein et al.
(1963) gave evidence of two distinct uptake mecha-
nisms: a high afﬁnity system operating over micromolar
concentration ranges and a low afﬁnity system that pre-
dominates when [K
 
1
 
]
 
ext
 
 is in the millimolar range. Re-
cent measurements of K
 
1
 
 electrochemical potential
gradients were incorporated into this classical model to
create the widely held view that active transport is nec-
essary when [K
 
1
 
]
 
ext
 
 is less than 
 
z
 
300 
 
m
 
M, but that a
passive mechanism sufﬁces at higher values of [K
 
1
 
]
 
ext
 
(Maathuis and Sanders, 1993, 1994, 1997; Walker et al.,
1996a). This important thermodynamic information
was readily integrated with ground-breaking molecular
advances occurring at about the same time. Genes en-
coding passive K
 
1
 
 channels and active K
 
1
 
 cotransport-
ers were cloned by complementation of yeast mutants,
functionally characterized after heterologous or ec-
topic expression, and demonstrated to be expressed in
roots (reviewed in Smart et al., 1996; de Boer, 1999).
These advances collectively gave rise to the dominant
view that transporters such as HKT1 (Schachtman and
Schroeder, 1994; Rubio
 
 
 
et al., 1995; Gassmann
 
 
 
et al.,
1996; Wang
 
 
 
et al., 1998) and the KUP family (Quintero
and Blatt, 1997; Santa-Maria
 
 
 
et al., 1997; Fu and Luan,
1998; Kim
 
 
 
et al., 1998) are responsible for “high afﬁn-
ity” K
 
1
 
 uptake and that inward-rectifying K
 
1
 
 channels
such as AKT1 (Sentenac
 
 
 
et al., 1992; Basset
 
 
 
et al., 1995;
 
Rebecca E. Hirsch’s present address is Department of Zoology, Uni-
versity of Wisconsin, Madison, WI 53706. Bryan D. Lewis’ present ad-
dress is Department of Biology, Clarke College, Dubuque, IA 52001.
Address correspondence to Edgar P. Spalding, Department of Bot-
any, University of Wisconsin, 430 Lincoln Drive, Madison, WI 53706.
Fax: 608-262-7509; E-mail: spalding@facstaff.wisc.edu 
910
 
Potassium Uptake in the akt1 Mutant of Arabidopsis
 
Lagarde
 
 
 
et al., 1996) mediated uptake when K
 
1
 
 was
more concentrated than 
 
z
 
300 
 
m
 
M.
This paradigm was shown to require modiﬁcation
when an 
 
Arabidopsis
 
 mutant lacking detectable AKT1
channel activity (
 
akt1
 
) was found to be defective in K
 
1
 
uptake and growth on solutions as dilute as 10 
 
m
 
M K
 
1
 
,
a concentration previously thought to be well outside
the realm of possibilities for channels (Hirsch
 
 
 
et al.,
1998). However, measurements of membrane poten-
tials more negative than 
 
2
 
230 mV in 
 
Arabidopsis
 
 roots
demonstrated that uptake of K
 
1
 
 from 10 
 
m
 
M solutions
by channels was indeed energetically feasible, at least in
cells near the root apex (Hirsch
 
 
 
et al., 1998). Now it
seems reasonable to view inward-rectifying K
 
1
 
 channels
as passive uptake mechanisms capable of conducting
growth-supporting K
 
1
 
 ﬂuxes in the high-afﬁnity con-
centration range, provided that the K
 
1
 
 electrochemical
potential gradient is inward.
The existence of a mutant lacking inward-rectifying
K
 
1
 
 channels in the root provides an opportunity to dis-
sect genetically the channel-mediated contribution to
K
 
1
 
 uptake from that of other transporters, and to de-
termine the signiﬁcance of each under various ionic
conditions a plant may encounter. A condition merit-
ing close attention in this respect is the presence of
NH
 
4
 
1
 
, as Hirsch et al. (1998) found it must be present
to observe the 
 
akt1
 
 phenotype (poor growth relative to
wild type on [K
 
1
 
]
 
ext
 
 
 
, 
 
0.1 mM). In the absence of
NH
 
4
 
1
 
, mutant and wild type grow similarly. This would
be expected if NH
 
4
 
1
 
 inhibited a K
 
1
 
 transport mecha-
nism that operates in parallel with AKT1 and is neces-
sary for growth when AKT1 activity is lacking. There is
much support in the literature for this possibility. In-
hibitory effects of NH
 
4
 
1
 
 on K
 
1
 
 uptake have been noted
(Rufty,
 
 
 
et al., 1982; Van Beusichem, 1988) and, in a study
of maize roots, Vale et al. (1987) found that K
 
1
 
 uptake
was comprised of NH
 
4
 
1
 
-sensitive and NH
 
4
 
1
 
-insensitive
components. Smith and Epstein (1964) presented evi-
dence that NH
 
4
 
1
 
 inhibited K
 
1
 
 uptake by competing for
a binding site on the transporter in maize leaves. How-
ever, the converse (K
 
1
 
 inhibition of NH
 
4
 
1
 
 uptake) does
not seem to occur, a result that at least one authority
considered “quite surprising” (Marschner, 1995). The
present work takes advantage of the 
 
akt1
 
 mutation to
produce an explanation of this relationship between
K
 
1
 
, NH
 
4
 
1
 
, and growth.
A related and somewhat controversial topic is the
role of Na
 
1
 
 in K
 
1
 
 uptake (Maathuis et al. 1996; Rubio
et al., 1996; Walker et al. 1996b). The renewal of inter-
est in Na
 
1
 
–K
 
1
 
 relationships is due to the ﬁnding that
the HKT1 transporter of barley functions as a Na
 
1
 
-cou-
pled K
 
1
 
 symporter (Rubio
 
 
 
et al., 1995; Gassmann
 
 
 
et al.,
1996), and to genetic advances in understanding the
relationship between the ability of a plant to resist Na
 
1
 
stress and K
 
1
 
 nutritional status (Zhu
 
 
 
et al., 1998). The
 
akt1
 
 mutant was used here in studies that shed light on
how the uptake mechanisms responsible for growth-
sustaining K
 
1
 
 ﬂuxes are importantly inﬂuenced by
NH
 
4
 
1
 
 and Na
 
1
 
.
 
materials and methods
 
Electrical and Flux Measurements
 
Measurements of membrane potential (V
 
m
 
) in apical root cells
were made with an intracellular microelectrode as described in
Hirsch et al. (1998) in order to assess the permeability of the
membrane to K
 
1
 
. Eq. 1 is a simpliﬁed description of the ionic ba-
sis of V
 
m in plant cells:
(1)
GK and EK are the conductance and equilibrium potential for K1,
GX and EX represent the conductance and equilibrium potential
for all other ions lumped together, and Ipump is the current cre-
ated by an electrogenic pump (the H1-ATPase in the case of
plants). Gtot is the total conductance of the membrane.
Shifts in extracellular KCl concentration ([KCl]ext) were im-
posed on the root while Vm was recorded continuously. The
change in Vm resulting from shifts in [KCl]ext is described by:
(2)
Assuming that an imposed shift in [KCl]ext affects only the K1
and Cl2 components, Eq. 2 simpliﬁes to:
(3)
Increasing [KCl]ext caused positive shifts in Vm (see Fig. 1), dem-
onstrating that the membrane was more permeable to K1 than
the counterion Cl2, as is typical of plant cells. In the extreme
case of a negligible Cl2 conductance, Eq. 3 reduces to:
(4)
For the purposes of determining the effects of the akt1 mutation
and various ionic treatments, the assumptions implicit in Eq. 4
were adopted. Thus, the magnitude of the DVm resulting from
shifts in [KCl]ext is interpreted here as a measure of the relative
K1 permeability of the membrane.
The solutions used to bathe the roots were exactly the same so-
lutions used for the growth experiments (below), except agarose
was omitted. For experiments that tested the effects of NH4
1,
Na1, and H1, the mounted seedlings were bathed in the test so-
lution for z2 h before impalement. Rb1 ﬂuxes were also per-
formed exactly as described by Hirsch et al. (1998). Percent inhi-
bition by NH4
1 was calculated so that the results of independent
trials involving different speciﬁc activities could be averaged.
Plant Growth
24 surface-sterilized seeds of either akt1 or the Wassilewskija wild
type were sown with equal spacing across square Petri plates con-
taining media (described below) solidiﬁed with 0.8% agarose.
They were maintained in darkness at 48C for 48 h before being
placed in a growth chamber set to deliver 16 h days and 8 h nights
at 218C. Germination was assayed after 72 h when [K1]ext was 10
or 100 mM (see Fig. 4, A and B), but after only 48 h when [K1]ext
Vm
GK E × K G + X E × X Ipump –
Gtot
-------------------------------------------------------------. =
DVm
GK DEK ×
Gtotal
--------------------- èø
æö GX DEX ×
Gtotal
---------------------- èø
æö DIpump
Gtotal
----------------- èø
æö . – + =
DVm
GK DEK ×
Gtotal
--------------------- èø
æö GCl DECl ×
Gtotal
------------------------ èø
æö . + =
DVm
DEK
-----------
GK
Gtotal
-------------. =911 Spalding et al.
was 1,000 mM (Fig. 4 C) because of the faster embryo growth in
this condition. A seed was considered to have germinated if
emergence of the radicle from the seed coat could be detected
with the aid of a 403 dissecting scope. After 4 d of growth, the
fresh weight of the group of seedlings was determined to the
nearest 0.1 mg, and at 8 d the harvesting/weighing procedure
was repeated with a separate plate of seedlings. The difference in
mass between the two time points was divided by the number of
intervening days to obtain an average growth rate for the group
of seedlings between days 4 and 8. Experiments spanning 12 d of
growth produced similar results. All data shown are the averages
of at least three independent trials.
Solutions and Media
The following base solution was used for studying the effects of
NH4
1 (see Figs. 1–5): 2.5 mM NaNO3, 2.5 mM Ca(NO3)2, 2 mM
MgSO4, 0.1 mM NaFeEDTA, 80 mM Ca(H2PO4)2, 25 mM CaCl2,
25 mM H3BO3, 2 mM ZnSO4, 2 mM MnSO4, 0.5 mM CuSO4, 0.5 mM
Na2MoO4, 0.01 mM CoCl2, 0.5% sucrose, and 2.5 mM Mes. NH4
1
was added as NH4H2PO4 to achieve the desired amount and 1 mM
Ca(H2PO4)2 was added to the 0 NH4
1 solution to balance the
phosphate concentrations. K1 was added as KCl. The pH of the
mixture was adjusted to 5.7 with NaOH and autoclaved for 10
min. Longer autoclaving frequently produced a crystalline pre-
cipitate that probably contained NH4
1 because it formed copi-
ously in solutions containing .1 mM NH4
1, and not at all in its
absence. Also, the normal inhibitory effect of NH4
1 on growth
was not observed when solutions containing the precipitate were
used in experiments. This is a very important technical detail.
The following base solution was used for studying the effects
of Na1 (see Figs. 6 and 7): 2.5 mM Ca(NO3)2, 2 mM MgSO4,
0.1 mM EDTA, 0.1 mM FeCl2, 80 mM Ca(H2PO4)2, 25 mM CaCl2,
25 mM H3BO3, 2 mM ZnSO4, 2 mM MnSO4, 0.5 mM CuSO4, 0.5 mM
Na2MoO4, 0.01 mM CoCl2, 0.5% sucrose, and 2.5 mM Mes or
2.5 mM HEPES when the intended pH was basic. K1 was added
as KCl and Na1 was added as NaCl. The pH was adjusted to 5.7
for growth experiments or otherwise to the indicated value with
BTP. Note that the nominally 0 Na1 treatment has 1 mM Na1 from
the Na2MoO4 and any contaminating Na1 in the water or chemi-
cals. Also noteworthy, growth was inhibited when BTP {1,3-bis
[tris(hydroxymethyl)methylamino]propane} was used instead of
NaOH to adjust the pH of media containing speciﬁc Na1 con-
centrations. Experiments demonstrated that this amount of BTP,
all else equal, inhibited growth rate by 50%. This is another im-
portant technical detail.
results
Effects of NH4
1 on K1 Permeability
The ﬁrst goal was to compare the effect of NH4
1 on the
K1 permeability of the plasma membrane in wild-type
and akt1 root cells. Fig. 1 A shows a typical recording of
Vm made by impaling a root cell z150 mm from the
apex of the cap with a microelectrode. After the voltage
stabilized at 2236 mV, the continuously ﬂowing bath-
ing solution containing 10 mM K1 was switched to one
containing 100 mM K1, a treatment referred to as
D[K1]10–100, and then subsequently to 1,000 mM K1
(D[K1]100–1000). The change in steady state Vm that oc-
curred in response to these shifts (DVm) is related to
the K1 permeability of the plasma membrane as dis-
cussed in materials and methods. The permeability
detected by this method in akt1 mutant roots may be at-
tributed to non-AKT1 activities because of the evidence
that the mutant allele is functionally a null, despite the
transferred-DNA being inserted in what might appear
to be a dispensable cytoplasmic tail (Hirsch et al., 1998).
The contribution of AKT1 channel activity to the K1
permeability of wild-type roots may be inferred by sub-
tracting the DVm measured in akt1 roots from the wild-
type DVm. Following this reasoning, Fig. 1 B shows that
the wild-type K1 permeability, in the absence of NH4
1,
was z63% due to AKT1 channel activity and 37% due
to non-AKT1 activities when the shift was D[K1]10–100.
When assayed at the higher concentration (D[K1]100–1,000
shift), the AKT1 component was a similar 55% of the
now larger wild-type K1 permeability (Fig. 1 C). Such
accounting of the membrane’s K1 permeability permit-
ted an examination of which components were affected
by NH4
1. Approximately 50% of the wild-type DVm re-
sulting from a D[K1]10–100 shift was inhibited by 2 mM
NH4
1. The NH4
1-sensitive component of the wild-type
response was very similar in magnitude to the minus-
NH4
1 akt1 response, which was completely blocked by
2 mM NH4
1. Thus, the DVm in wild-type roots, a param-
eter related to K1 permeability, behaves as the quantita-
tive sum of a NH4
1-insensitive AKT1 component and
a NH4
1-sensitive non-AKT1 component. This simple
quantitative relationship did not persist when [K1]ext
was increased from 100 to 1,000 mM (Fig. 1 C). Instead,
it appeared that 2 mM NH4
1 inhibited only 50% of the
non-AKT1 component, as opposed to 100% at the
lower [K1]ext (compare akt1 responses 6 NH4
1 in Fig.
1, B and C). The actual steady state value of Vm for each
genotype in each condition is shown in Table 1.
The ﬁnding that the degree of inhibition by 2 mM
NH4
1 depended on [K1]ext prompted a more detailed
investigation of the K1 and NH4
1 concentration inter-
dependence of the phenomenon. Fig. 2 demonstrates
that 2 mM NH4
1 inhibited z50% of the DVm caused by
D[K1]100–1,000 in akt1 roots, consistent with the data in
Fig. 1 C. Only 0.5 mM NH4
1 was needed to inhibit 50%
of the smaller response to D[K1]10–100 and 2 mM was
completely inhibitory, consistent with Fig. 1 B. The
large  DVm response to shifting [K1]ext from 1 to 10 mM
was much less sensitive to this range of [NH4
1]ext (Fig.
2). Taken together, the results in Figs. 1 and 2 indicate
that AKT1 channel activity accounts for 50–60% of the
K1 permeability of the root plasma membrane, with the
remainder resulting from one or more NH4
1-sensitive
transporters. Furthermore, the data in Fig. 2 may be
taken as evidence that the non-AKT1 transporter has a
K1-binding site to which NH4
1 may competitively bind
when it is in large excess, preventing K1 transport. The
50% block of the response to D[K1]100–1,000 by 2 mM
NH4
1 may be taken as evidence that the K1-binding site
of the non-AKT1 mechanism has a 50% probability of912 Potassium Uptake in the akt1 Mutant of Arabidopsis
being occupied by NH4
1 under those particular condi-
tions. This occupancy by NH4
1 increased to 100%
when [K1]ext was 10-fold lower, and it decreased to near
negligible levels when [K1]ext was in the millimolar
range.
Effects of NH4
1 on K1 Uptake and Growth
Experiments were performed to determine if the de-
crease in K1 permeability caused by NH4
1 character-
ized in Fig. 2 actually resulted in decreased K1(86Rb1)
uptake at the whole-root level. Fig. 3 demonstrates that
z90% of Rb1 uptake into akt1 roots from 10 mM solu-
tions was inhibited by treatment with 4 mM NH4
1. This
inhibition by NH4
1 was [Rb1]ext dependent, being only
20% at 1,000 mM Rb1. Thus, ﬂuxes at the organ level
(Fig. 3) and electrical changes at the membrane (Figs.
1 and 2) both indicate that NH4
1 competitively inhibits
one or more important K1-transport mechanisms de-
tectable in the absence of AKT1 channel activity. The
data presented thus far indicate that the wild-type root
employs at least two K1-uptake mechanisms operating
in parallel, each contributing signiﬁcantly to the total
ﬂux even from 10 mM external solutions. One of these
“high afﬁnity” transporters is the passive AKT1 channel
Figure 1. Changes in membrane
potential resulting from changes
in K1 concentration of the solu-
tion bathing wild-type and akt1
roots. (A) Recording of Vm in a
cell  z150 mm from the apex of an
Arabidopsis root. From an initial
membrane potential of 2236 mV
in this example, the membrane
depolarized in response to in-
creasing [K1]ext from 10 to 100,
and then to 1,000 mM. (B) The
magnitude of the change in
steady state Vm in response to
changing [K1]ext from 10 to 100
mM in wild-type and akt1 roots, in
the presence and absence of
2 mM NH4
1. (C) Same as in B,
except the change in [K1]ext was
from 100 to 1,000 mM. All values
are the means of 6–10 indepen-
dent experiments 6 SEM.
table i
Steady State Membrane Potentials
[K1]ext Wild type akt1
Wild type 1 
NH4
1
akt1 1 
NH4
1
mM m Vm Vm Vm V
10 2219 6 4 2218 6 9 2209 6 5 2226 6 8
100 2192 6 5 2211 6 10 2194 6 5 2227 6 8
1000 2136 6 5 2188 6 9 2151 6 5 2214 6 8
Steady state values of membrane potential (Vm) measured in apical root
cells sequentially bathed in ﬂowing medium containing 10, 100, and 1,000
mM K1 with or without 2 mM NH4
1. Values are averages 6 SEM of 6–10
separate plants.913 Spalding et al.
and the other is an NH4
1-sensitive transporter of un-
known molecular identity.
Most important to the ﬁeld of plant mineral nutri-
tion is whether both of these K1-transport activities me-
diate ﬂuxes of sufﬁcient magnitude to be relevant to
growth. If so, akt1 plants should grow more slowly than
wild-type when K1 is limiting, and their growth should
be NH4
1 sensitive in a manner similar to the mem-
brane permeability and ﬂuxes presented in Figs. 1–3.
This idea was tested by measuring the growth of mutant
and wild-type plants at various concentrations of K1
and NH4
1 and at two stages of plant development—
germination and seedling establishment. Germination
is a consequence of, among other processes, the rapid
expansion of cells already present in the mature
embryo. Fig. 4 shows that at 10 mM K1, germination
of  akt1 seeds was strongly inhibited by increasing
[NH4
1]ext compared with wild type. In the presence of
1 mM NH4
1, no akt1 seeds had germinated 72 h after
stratiﬁcation, compared with 80% of the wild type. Half
of the maximal akt1 germination was inhibited by 0.76
mM NH4
1. The lower germination rate of akt1 seeds
provided with 10 mM K1 in the absence of NH4
1 (47 vs.
100% of wild-type seeds) is evidence that post-imbibi-
tion embryo growth depends upon AKT1-mediated K1
uptake when [K1]ext is low. Note that these germination
percentages were determined at one point in time. Not
shown is that nearly all seeds eventually germinated ex-
cept those in the most inhibitory conditions (low K1
with high NH4
1). When 100 mM K1 was present and
NH4
1 absent, 100% of both akt1 and wild-type seeds
germinated within 72 h. This indicates that AKT1 activ-
ity is not required in this situation and that non-AKT1
activities were sufﬁcient to meet the demands imposed
by embryo growth. Increasing the [NH4
1] of this
higher K1 medium signiﬁcantly inhibited akt1 germina-
tion while only modestly affecting the wild type. Germi-
nation of akt1 seeds was 50% inhibited by 3.8 mM
NH4
1, and nearly complete inhibition of akt1 germina-
tion was achieved by 10 mM NH4
1. Increasing [K1]ext
from 100 to 1,000 mM further protected germination
rates from inhibition by NH4
1. Thus, as with the mem-
brane permeability assays in Fig. 2 and the ﬂuxes in Fig.
3, increasing [K1]ext lessened the inhibitory effect of
NH4
1 on this earliest stage of akt1 plant growth.
Growth rates of seedlings were also determined un-
der the same conditions. Fig. 5 A demonstrates that in
the absence of NH4
1, akt1 seedlings grew more slowly
than wild type on 10 mM K1, as was the case with the
embryo growth responsible for germination (Fig. 4 A).
This is evidence that the K1 ﬂux conducted by AKT1
channels contributed signiﬁcantly to growth even when
[K1]ext was 10 mM. Submillimolar NH4
1 added to the
10 mM K1 medium inhibited the growth rate of akt1
seedlings, which was too low to measure reliably at con-
centrations .700 mM. The faster wild-type growth was
not inhibited by NH4
1 in this concentration range. Em-
bryo growth, assayed as germination rate, behaved simi-
larly with respect to inhibition by NH4
1 (Fig. 4 A).
Figure 2. Concentration dependence of the NH4
1 inhibition of
the K1 permeability of the akt1 root plasma membrane. Changes
in steady state Vm produced by three different shifts in [K1]ext are
plotted versus the NH4
1 concentration present before and during
the experiment. Note the axis break and change of scale for the
1,000–10,000 mM shift in [K1]ext. All values are the means of 6–10
independent experiments 6 SEM.
Figure 3. Inhibition by NH4
1 of Rb1 ﬂuxes into akt1 roots as a
function of [Rb1]. Uptake of 86Rb1 by akt1 roots in the presence
and absence of 4 mM NH4
1 was used to determine the mean
amount of inhibition, which is plotted 6 SEM.914 Potassium Uptake in the akt1 Mutant of Arabidopsis
When [K1]ext was increased to 100 mM (Fig. 5 B), wild-
type and akt1 seedlings grew several times faster than at
10 mM K1, and similar to each other in the absence of
NH4
1 (as was also the case for embryos). Increasing
[NH4
1]ext from 0 to 2 mM strongly inhibited the
growth rate of akt1 seedlings without affecting the wild-
type rate. This inhibition of akt1 growth rate by NH4
1
displayed a concentration dependence very similar to
the NH4
1 inhibition of membrane K1-permeability as-
sayed by D[K1]100–1,000 (Fig. 2). This result, along with
Figure 4. Concentration dependence of the NH4
1 inhibition of
wild-type and akt1 germination rate (embryo growth). Each datum
is the mean 6 SEM of at least three independent trials, with each
trial involving 24 seeds. (A) [K1]ext 5 10 mM; (B) [K1]ext 5 100 mM;
(C) [K1]ext 5 1,000 mM. s, wild-type; d, akt1.
Figure 5. Concentration dependence of the inhibition of wild-
type and akt1 growth rate by NH4
1. (A) [K1]ext 5 10 mM; (B)
[K1]ext 5 100 mM; (C) [K1]ext 5 1, 000 mM. s, wild-type; d, akt1.
The rates at which the fresh weight of 24 seedlings increased be-
tween days 4 and 8 were determined from three independent trials
and were plotted as means 6 SEM.915 Spalding et al.
those in Figs. 2 and 3, supports the idea that NH4
1 in-
hibits growth of akt1 seedlings by inhibiting K1 perme-
ability and ﬂuxes mediated by one or more non-AKT1
transporters. Increasing [K1]ext to 1,000 mM markedly
reduced the amount of inhibition caused by NH4
1 (Fig.
5 C). Thus, protection against NH4
1 inhibition by in-
creasing K1 was observed for seedling growth as it was
with K1 permeability, Rb1 ﬂuxes, and embryo growth.
This is consistent with the notion that the K1 transport
activity supporting growth in the absence of AKT1
channel activity employs at least one substrate (K1)
binding site for which NH4
1 can compete under physi-
ologically relevant conditions.
Transport Characteristics of the Non-AKT1 Activity
The lack of inward-rectifying channel activity in akt1
roots was exploited in experiments designed to reveal
information about what energizes the parallel, NH4
1-
sensitive, non-AKT1 activity. The approach was to mea-
sure Vm in cells of akt1 roots in the absence of NH4
1
and administer shifts in [K1]ext. Speciﬁcally, the hy-
pothesis to be tested was whether the non-AKT1 K1-
transport activity behaved as a coupled transporter,
such as a H1-K1 cotransporter (Rodriguez-Navarro et al.,
1986; Newman et al., 1987; Maathuis and Sanders,
1994) or a Na1-K1 cotransporter (Schachtman and
Schroeder, 1994; Rubio et al., 1995; Gassmann et al.,
1996; Wang et al., 1998). Fig. 6 demonstrates that the
presence of 2 mM Na1 more than doubled the DVm in-
duced by D[K1]10–100 when the pH of the medium was
buffered at 5.7. Decreasing the proton concentration
to pH 7.7 signiﬁcantly reduced the magnitude of the
DVm (K1 permeability) of akt1 roots, but Na1 stimula-
tion was still observed. Reducing the proton concentra-
tion further (pH 8.7) essentially eliminated the re-
sponse to D[K1]10–100 in the absence of Na1, though a
measurable DVm could be observed in the presence of
Na1. At higher K1 concentrations (D[K1]100–1,000), a sig-
niﬁcant pH dependence of K1 permeability was not de-
tected. The Na1 effect was relatively weaker than ob-
served in the lower K1 conditions, and not signiﬁcant
at the P 5 0.05 level. These results are consistent with
the non-AKT1 K1 transport occurring by a symport
mechanism that is energized by the electrochemical
potential gradient of Na1 and H1. Perhaps separate
Na1-K1 and H1-K1 symporters function in parallel to
actively transport K1. If so, the substrate-binding sites
of both must have an afﬁnity for NH4
1. Alternatively, a
single K1 symporter may be capable of using electro-
chemical potential gradients of either Na1 or H1 as an
energy source. It is also possible that the non-AKT1
transporter has an obligate requirement for both Na1
and H1 to actively transport K1, as our nominally 0 Na1
conditions contain trace amounts (see materials and
methods).
Stimulation of Growth by Na1
The results in Fig. 6 formed the basis of another test of
the hypothesis that the K1 permeability detected elec-
trophysiologically in the absence of AKT1 channels
(Figs. 1 and 2) represents the uptake pathway upon
which growth of akt1 plants depends. Na1 should stim-
ulate growth of akt1 plants if the K1 required for
growth is taken up by this Na1-stimulated, NH4
1-sensi-
tive, non-AKT1 activity. Furthermore, the growth rate
of wild-type plants should be less Na1 dependent, given
that a signiﬁcant portion (50–60%) of wild-type K1 per-
meability was attributed to AKT1 channels (Fig. 2). Fig.
7 A demonstrates that both of these predicted results
were observed when seedlings were grown on 10 mM
K1. The growth rate of akt1 plants increased by 119% as
Figure 6. Enhancement of the K1 permeability of the akt1 root
plasma membrane by Na1 and H1. Roots were preincubated and
maintained in the indicated combinations of Na1 and H1 while
K1 permeability was assessed by measuring changes in Vm induced
by shifts in [K1]ext. Each value is the mean 6 SEM of three to eight
independent measurements.916 Potassium Uptake in the akt1 Mutant of Arabidopsis
[Na1]ext was increased to 1,000 mM. Wild-type seedlings
also beneﬁted from increasing [Na1]ext, though not to
the same relative extent. At stressful levels of Na1 (50–
100 mM), the growth rates of wild-type and akt1 plants
were relatively equally inhibited (data not shown), indi-
cating that the akt1 phenotype is distinct from that of
the salt overly-sensitive mutants (Wu et al., 1996; Zhu et
al., 1998). The growth rate of akt1 plants was not stimu-
lated by Na1 when [K1]ext was 100 mM. This is consistent
with the relatively weaker stimulatory effect of Na1 on
K1 permeability when assayed at this higher [K1]ext (Fig.
6 B) and the evidence that, when .100 mM, [K1] is not
limiting growth rate (0 NH4
1 points in Fig. 5, B and C
are similar).
discussion
Our interpretation of the results presented here is that
AKT1 channels mediate K1 uptake across the plasma
membrane of root cells in parallel with one or more ge-
netically distinct K1 transporters that are inhibited by
NH4
1 (Fig. 8). The concentration of NH4
1 that forces
growth to depend on AKT1-channel activity depends
on the K1 status of the soil solution, and is in agree-
ment with the roughly millimolar levels found to follow
fertilizer application (Barraclough, 1989). It seems rea-
sonable to suppose that other soil conditions encoun-
tered by plants may impair AKT1 function, shifting the
bulk of K1-uptake activity to the non-AKT1 mechanism.
The conclusion that AKT1 and non-AKT1 mecha-
nisms mediate K1 uptake in substantially overlapping
concentration ranges seems inescapable, though differ-
ent than the conclusions of Maathuis and Sanders
(1997), which were based on studies performed before
a null mutant was available to exploit. Both AKT1 and
non-AKT1 mechanisms clearly contribute in the ab-
sence of NH4
1 when [K1]ext is 10 or 100 mM (Fig. 1).
This is somewhat surprising, given that the enhance-
ment of K1 permeability by Na1 and H1 at low [K1]ext
suggests that the non-AKT1 mechanism is an active
symporter with K1 transport coupled to the electro-
chemical potential gradient of one or both of those
ions. It would be surprising, though not a violation of
any thermodynamic law, if a cotransport mechanism
contributed signiﬁcantly to ﬂuxes that could be con-
ducted by passive channels. It is possible that the non-
AKT1 mechanism is also passive and the enhancement
of DVm by Na1 and H1 (Fig. 6) is due to a faster trans-
port cycle, higher open probability, or the recruitment
of more transporters into action. Interestingly consis-
tent with this notion is the demonstration that Na1 pos-
itively modulates the kinetics of AKT1 without permeat-
ing the channel (Bertl et al., 1997). Rigorous voltage-
clamp studies and Na1 ﬂux measurements are needed
to distinguish whether Na1 affects the kinetics or ther-
Figure 7. Stimulation of akt1 and wild-type growth rate by Na1.
The rates of fresh-weight increase for 24 seedlings between days 4
and 8 were determined at each Na1 concentration in three to ﬁve
independent trials and were plotted as means 6 SEM.917 Spalding et al.
modynamics of the non-AKT1 transport mechanism(s).
Such a study may reveal that Na1 affects both because
the two possibilities are not mutually exclusive.
Regardless of how the non-AKT1 transport activity is
energized, its inhibition by NH4
1 and stimulation by
Na1 were mirrored in most conditions by the effects of
these ions on the growth of akt1 and, to a much lesser
extent, wild-type plants. These close positive and nega-
tive correlations constitute evidence that the K1 perme-
ability detected electrically in akt1 roots is due to an ac-
tivity that supports growth when the AKT1 mechanism
is inoperative. The results also indicate that the relative
contributions to plant growth of genetically distinct K1
transport systems depend on ionic variables of the sort
and magnitude encountered in soils. This ﬁnding may
be relevant to the agronomic practice of managing
plant nutrients. There is every reason to believe that
continuing the combined electrophysiological and re-
verse-genetic approach will lead to a more complete
and useful molecular-level accounting of the K1-trans-
port activities supporting growth.
The reverse-genetic approach to studying the non-
AKT1 contributor requires knowing beforehand what
gene or genes to eliminate. Therefore, it is now very
important to consider what genes may be responsible
for the non-AKT1 transport activity characterized physi-
ologically by the present work. The recent impressive
isolation and characterization of plant genes encoding
proteins that perform K1 transport has produced two
strong candidates. The stimulation by Na1 (Fig. 6)
brings the HKT1 transporter originally found in wheat
to the forefront as a candidate for the non-AKT1 activ-
ity. HKT1 is believed to function as a K1-Na1 symporter
(Rubio et al., 1995; Gassmann et al., 1996). The earlier
report of H1 gradients serving as an energy source
for HKT1-mediated K1 transport (Schachtman and
Schroeder, 1998) also can be accommodated by the pH
dependence of the non-AKT1 activity (Fig. 6). Unfortu-
nately, the present literature on HKT1 does not contain
tests of NH4
1 as an inhibitor. Ideally, an Arabidopsis mu-
tant with a disruption in an HKT1 homologue will be
isolated and provide for a combined genetic and physi-
ological test of the idea that AKT1 and HKT1 together
conduct the K1 ﬂuxes needed for growth.
The increase in K1 permeability due to the presence
of Na1 was greater when assayed by D[K1]10–100 shifts
than D[K1]100-1,000 shifts (Fig. 6, A vs. B). The same
trend was observed in akt1 seedling growth rate: Na1
more than doubled the growth rate at 10 mM K1, but
was without effect when [K1]ext was 100 mM (Fig. 7, A
vs. B). Perhaps the non-AKT1 mechanism is more Na1
coupled when the electrochemical potential gradient
for K1 is great, but less so when the energetics permit a
passive mode of operation. Previous work has attrib-
uted a passive conductance to HKT1 that is separate
from its Na1-K1 symport activity (Gassmann et al.,
1996), indicating that cotransporters can display such
complexity of mechanism. Also, the growth rate of
seedlings was limited by something other than K1 at
concentrations above 100 mM (Fig. 5), so Na1 may have
stimulated K1 uptake from 100-mM solutions, but limi-
tations in some other factor prevented growth rate
from responding.
Another possible contributor to the non-AKT1 trans-
port activity is one or more of the KUP family of K1
transporters recently identiﬁed in Arabidopsis and bar-
ley. These transporters can complement K1-uptake de-
ﬁciencies in mutants of Escherichia coli and yeast and
can confer enhanced K1 uptake into cultured Arabidop-
sis cells when overexpressed (Quintero and Blatt, 1997;
Santa-Maria et al., 1997; Fu and Luan, 1998; Kim et al.,
1998). A member of this family from barley is inhibited
by NH4
1, similar to the non-AKT1 activity studied here
in planta (Santa-Maria et al., 1997). Arabidopsis KUP-
mediated K1 transport is also inhibited by NH4
1 (E.
Kim and J.I. Schroeder, personal communication),
though it is not stimulated by Na1 (Fu and Luan,
1998). Thus, the Na1 data (Figs. 6 and 7) currently fa-
vor HKT1, while the NH4
1 data (Figs. 1–5) favor KUP
as the molecule(s) responsible for the non-AKT1 com-
ponent of the root K1-uptake apparatus. It is also possi-
Figure 8. Model of K1 uptake by parallel AKT1 and non-AKT1
mechanisms showing how NH4
1, Na1, and H1 may exert their ef-
fects. Transport by the AKT1 channel is passive and, therefore, the
possibility of K1 uptake by this mechanism depends strictly on the
K1 electrochemical potential gradient. NH4
1 inhibits the non-
AKT1 transporter(s), apparently by competing with the substrate
K1 for binding. Na1 and H1 may stimulate the one or more non-
AKT1 transporters by serving as an energy source, in which case
they would be cotransported substrates. Na1 and H1 may instead,
or also, act as modulators of transport kinetics to increase the K1
permeability of the plasma membrane, which would not require
their cotransport with K1. When the AKT1 mechanism is made in-
operative by mutation, plants must depend on the non-AKT1 activ-
ity for K1 uptake. This can explain why the growth of akt1 plants is
inhibited by NH4
1 and stimulated by Na1.918 Potassium Uptake in the akt1 Mutant of Arabidopsis
ble that the non-AKT1 activity is due to a combination
of KUP and HKT1 activities insofar as both are inhib-
ited by NH4
1.
The last point to make is that the competition be-
tween NH4
1 and K1 for a binding site on the non-AKT1
transporter (Figs. 2–5) explains the previously ob-
served inhibition of K1 transport by NH4
1 in corn roots
(Vale et al., 1987). The fact that plants have a speciﬁc
NH4
1 transporter that is not blocked by K1 (Ninneman
et al., 1994) explains why the converse (block of NH4
1
uptake by K1) is typically not observed. Thus, the result
that surprised Marschner (1995) receives a molecular-
level explanation as a result of the present work.
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